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Abstract The rate of adoption of digital solutions in manufacturing environments
remains low despite the benefits these can bring. This is particularly acute among
industrial small and medium enterprises (SMEs), who typically do not have the
confidence to adopt new technologies and for which cost and a lack of skills remain
key barriers. Most digital solutions require some type of visualisation component,
being a vital way to the interpret and use effectively the data. Data visualisation
on its own provides an opportunity to bridge the gap of digitalisation in SMEs by
providing them invaluable process insights in an efficient manner without requir-
ing high levels of training or expertise. However, as with other digital technolo-
gies, software components such as data analytics and visualisation are commonly
developed, deployed, and maintained by a third party, and SMEs lack the exper-
tise to understand how to implement or change visualisations and how they can be
applied in the manufacturing domain. The Digital Manufacturing on a Shoestring
approach proposes using off-the-shelf components, both hardware and software, to
develop low-cost digital solutions with minimal expert knowledge. The underlying
Shoestring architecture enables the incremental connectivity of different solution
components using a service-oriented approach. This paper introduces the imple-
mentation of visualisation-as-a-service, where the visual components of a digital
solution is dynamically created by a set of reusable, configurable and modular el-
ements. We also introduce the use of templates for the no-code creation of visual
solutions, taking advantage of the re-usability of visual components across different
digital solutions.

1 Introduction

The lack of productivity increase in UK businesses over the last 20 years has been
partially attributed to the failure to adopt industrial digital technologies (IDT) such
as the those based on the Internet of Things (IoT), data analytics, and machine learn-
ing (ML) [6]. In addition to the complexity of defining a clear digitalisation strategy,
small and medium enterprises (SMEs) are particularly challenged by the cost and a
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lack of available digital skills to develop and deploy digital solutions [10]. Digital
solutions typically involve the development of various components such as sensing,
data acquisition and storage, data analysis, machine learning, and graphic interface
components for data input and data visualisation [3]. Applications such as condition
and process monitoring, machine vision for quality inspection, predictive mainte-
nance, job tracking, digital work instructions, which have been identified as some of
the high priority solutions for manufacturing SMEs [15], require some or all of the
aforementioned elements. Building these solutions can become a complex task, on
the one hand due to the amount of technologies available for each of these elements,
and on the other hand, due to the skills needed to program and integrate them.

Visualisation elements are a key component in most of these digital solutions.
Companies are often more interested in quick but effective visualisation of data be-
fore going for more complex data analytics techniques [3]. Visualisation has been
identified as an essential, low-cost, and ”simple” way to start understanding the ben-
efits of digitalisation and allow companies to kick off their digitalisation journey [1].
However, there are still challenges when it comes to implementing visualisation in
a manufacturing environment, particularly if done with a low cost approach. Firstly,
going for a low-cost visualisation technology, such as open source visualisation li-
braries, requires programming skills which many SMEs can lack. Secondly, if the
visualisation is a bespoke solution developed by a third party, they can be difficult
for the SME to adapt, reconfigure, or expand according to the end-user needs and
availability of data. Thirdly, even when flexible and customisable visualisation tools
and dashboards are used, there is a level of experience required to choose the right
visualisation element that will support the data interpretation and decision making.
For visualisation to be easily implemented in a manufacturing environment, these
solutions need to be implemented in a no-code manner, where the end-user can bene-
fit from pre-existing solutions to easily put together, configure, deploy, and maintain
a visualisation solution in the most cost-effective manner. The Digital Manufactur-
ing on a Shoestring project aims to lower the cost and skill barriers associated with
the development and deployment of digital solutions through the use of off-the-shelf
non-industrial technologies and through the development of a service-oriented ar-
chitecture that enables easy integration of all these elements, called building blocks
in the Shoestring project. In this paper, we introduce the concept of visualisation-
as-a-service with reusable visualisation building blocks and an approach to easily
develop and deploy visualisation and graphic interfaces as part of a low-cost digital
solution. By doing this, the end-user can build visualisation components which are
suitable for the application at hand without any code. The rest of this paper is organ-
ised as follows: Section 2 provides a brief introduction to the role of visualisation
in industry, current trends as well as existing limitations for the uptake of visuali-
sation tools in SMEs. Section 3 introduces the concept of a visualisation building
block and its encapsulation as a service within the Shoestring architecture. Section 4
introduces the Shoestring framework for building digital solutions, particularly for
visualisation building blocks. Section 5 presents use cases and pilot programs where
these building blocks have been utilised. Finally Section 6 presents a discussion on
the advantages, current limitations and future work.
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2 Related Work

2.1 Visualisation

Visualisation is a crucial component of many digital solutions, as it enables the
effective interpretation of data, improving decision making. Current manufactur-
ing environments use visual systems such as multi-coloured stack lights, dials, and
LCD displays to support visual monitoring and management of processes. With the
recent emergence of the Industrial Internet of Things (IIoT), there has been a trend
towards the use of ubiquitous dashboards, making data available remotely as well as
in the shop floor through mobile devices. Compared to established human-machine
interface counterparts, dashboards can provide a more customisable interface, al-
lowing access to deeper data analytics and providing a stepping stone for moving
from traditional manufacturing approaches towards an Industry 4.0 approach [1].
Some commercially available tools such as Tulip1 and Braincube2 offer customis-
able production dashboards. However, as is the case with Tulip, both hardware and
software components are vendor locked making the digital solution more difficult
to integrate with digital solutions from other vendors. This is an important issue, as
companies with no clear digitalisation strategies end up with isolated low-scale so-
lutions. While larger corporations start to benefit from the advantages of increased
digitalisation and visualisation, SMEs who typically cannot muster the capital to
make large investments on a digital infrastructure, are left behind and at a disadvan-
tage.

With the availability of cloud infrastructures, web-based visualisations are be-
coming the norm across most IIoT applications. An advantage of using a web based
approach to visualisation is the large amount of open source web technologies avail-
able for developing graphic user interfaces and advanced data visualisations. Some
of the low cost off-the-shelf tools available include Grafana, Python Dash, Shiny
Dashboard, Bokeh, and GrapeJS. Grafana provides a no-code drag and drop ap-
proach to dashboard building, making it simple to configure different types of visu-
alisations and to connect them to independent data sources. This tool is particularly
aimed at the visualisation of time series data, although through the manual addi-
tion to the HTML code it is possible to include video and forms for data input. The
dashboard can be exported or imported in the JSON format, making it easy to save
and share as plain text. Python Dash, Shiny, and Bokeh are examples of libraries
for the development of interactive dashboards. Compared to Grafana, these libraries
provide a wider range of visualisation widgets and common HTML widgets such as
buttons, slider inputs, and drop-downs, which allow for more interactive interfaces.
Despite being free available technologies, the main challenge for the use of these is
the level of skill that is needed to use them. Tools that are becoming very popular
are those for the quick development of websites. GrapeJS, for example, allows the
creation and styling of web pages through drag and drop and a CSS configuration

1 https://tulip.co/
2 https://braincube.com/
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manager. The templates can then be exported, and deployed. GrapeJS is an effective
solution for graphic interfaces that do not require any specialised data visualisations.
In order to add data visualisation to any web page other technologies such as D3.js
are needed. With the exception of Grafana, all these technologies require program-
ming knowledge for developing and integrating them with other solution elements.
Often these technologies would be used to develop bespoke solutions that frequently
cannot be customised to adapt to different visualisation needs or to be extended into
more complex visualisation tasks. Although open source technologies are key to de-
veloping low-cost solutions, there currently are no off-the-shelf low code building
frameworks for open industrial visualisation solutions. Some efforts on the devel-
opment of supporting tools for the design and development of these can be found in
the literature [7, 8, 9], however these are typically technology specific.

2.2 Low-cost Digital Solutions for SME Manufacturers

For manufacturing digital solutions to be genuinely low cost, the costs of develop-
ment and deployment also need to be low cost in addition to the cost of the tech-
nologies used [3]. The Digital Manufacturing on a Shoestring project has developed
an approach to design, implement and deploy digital solutions, focusing in the fol-
lowing aspects [10, 11]:

1. Use of commercial off-the-shelf hardware and software
2. Low cost integration, operation and maintenance of solutions.
3. A systematic “building block” approach to combining different components.
4. Implementation of solutions through an incremental architecture.
5. Development of high-priority solutions for a majority of manufacturing SMEs.

As part of previous work done in the project [15], key priority areas common
across most SMEs where digital solutions can provide huge advantage have been
identified. From this set of digital solutions, what we refer as the catalogue of digital
solutions has been drawn, and common building blocks among these solutions have
been identified. The top ten solutions of this catalogue include:

• Job tracking
• Unified change management and issue reporting between design and production
• Digitised work instructions
• Capacity monitoring
• Analysis of product or customer demand
• Internal lead time monitoring
• Simulation of tools and processes for virtual process planning
• Cost modelling of disruptions and changes
• Digital job cards
• Process monitoring

Alongside the investigation and identification of these priority areas, the Shoestring
project has focused on the development of a solution design approach that allows
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the systematic implementation of solutions and enabling the re-usability of compo-
nents [3, 4]. The approach consists of three stages: (a) the identification of services
through user questionnaires, (b) the specification of the necessary building blocks
for each service using schematics and (c) the specification of the technologies. This
process is streamlined through a online tool to simplify the development for end-
users.

2.3 Visualisation in Low Cost Digital Solutions

The Shoestring design approach is oriented to the re-usability of components, both
the services and building blocks within. As with hardware, visualisation is a com-
mon component across multiple priority digital solutions. Each of these solutions
have common re-occurring data visualisation components. An example of this is the
display of product and job related information. This information is required across
multiple solutions such as job tracking, digitised work instructions, capacity moni-
toring, digital job cards, process monitoring, among others. In the case of graph-type
visualisations, Gantt charts (see Figure 1) are a good way to visualise the change
through time of a parameter or state. This visualisation can be used for job track-
ing, process/machine monitoring, capacity monitoring, to name a few. This led to
the idea of building re-usable visualisation components that could be easily created
and integrated into complete dashboards or web-based user interfaces across differ-
ent digital solutions. The time and programming knowledge needed for developing
these will be reduced, but offering these reusable components through the online
tool will support the end-user to use the appropriate visualisation for the given task.

Fig. 1: Machining Dashboard which uses a Gantt chart visualisation (bottom right)
to show the changes in cutting and no cutting periods of the machine, showing the
current state with text and colour.
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3 Shoestring Architecture and the Visualisation Building Block

3.1 Shoestring Architecture

The Shoestring architecture and associated design process are reported in more de-
tail elsewhere and we provide a brief overview here. The architecture, which con-
nects all re-usable components together, is based on the concept of building blocks
and services that can be integrated through common communication standards [2]
(Figure 2). A service module is an independent assembly of hardware and/or soft-
ware that realises a fundamental digital manufacturing functionality. For example,
a sensing service module would provide available measurements through a socket
[3]. Service modules provide and consume data using a service layer communication

Fig. 2: Services connect through a common communication bus. This allows for the
easy addition and removal of services to build a solution.

technology such as REST, OPC-UA, MQTT, or MTConnect [12, 13, 14]. Wrapping
the different components of the solutions decouples the solutions so that they can
be easily re-used as well as extended. The building blocks in the Shoestring archi-
tecture lie within the service module and provide a basic function. In the case of the
sensing module, the sensor, the computing device, and the scripting language to read
the data from the sensor and send it through a socket will all be building blocks that
comprise the service. Building blocks are readily available hardware and software
components that can be used to develop low-cost systems. Through this service ori-
ented architecture it is possible to wrap both legacy systems and new technologies,
allowing seamless connectivity among solution components and the adaptability of
solutions across multiple production systems. Unlike other service oriented archi-
tectures [9, 16], the Shoestring approach is not layered, meaning a visualisation
service can communicate directly to either a data storage or a data analytics service.
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3.2 Visualisation in the Shoestring Architecture

The visualisation service wraps a set of visualisation building blocks to create
a “complete” visualisation solution. Visualisation building blocks can be re-used
across multiple digital solutions. Figure 3 shows an example of reuse across two
visualisation solutions. The same bar chart building block can be used to visualise
(a) the progress of jobs, and (b) the utilisation of a resource. The visualisation en-
gine within the service module is independent of the visualisation building block.
Engines such as R (Shiny), Dash, and Grafana as well as HTML pages can be used
to integrate all building blocks into one visualisation solution. To achieve this, each
widget or visualisation panel is encoded in the JJSON format, which can then be
interpreted and rendered by the engine.

(a) Building blocks used when building a job
tracking solution

(b) Building blocks used when building a re-
source monitoring solution.

Fig. 3: Visualisation building blocks can be re-used to build different solutions

Once all the building blocks within a visualisation solution are defined and in-
tegrated through the engine, these are wrapped as a service using ZeroMQ. This
means that rather than having (for example) a Grafana panel directly querying a
data source, the panel is connected to the service wrapper which then sends the
request through ZeroMQ to (for example) a data storage service or data analytics
service (Figure 4).

4 Automatic Configuration of Visualisation Components

4.1 Building Solutions using a No-code Approach

Implementing visualisation services using the Shoestring architecture shown in Sec-
tion 3 can be complex for the inexperienced user as it requires the development of
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Fig. 4: The visualisation services consume data from other services such as the data
storage and the analysis service. Within the visualisation service module, building
blocks request data to be displayed through the visualisation service wrapper.

software components such as the visualisations themselves as well as the infrastruc-
ture for these to communicate to the service wrapper. In order for these to be easily
adopted by SMEs, visualisation services and other other solution components need
to be created in a no-code manner. For this reason, the Shoestring project has de-
veloped a framework referred to as the Solution Configurator [5] that allows users
to drag and drop different solution components for both hardware and software.
To achieve this, different visualisation and HTML widgets that are common across
multiple digital solutions have been pre-defined using templates so that the user
can easily configure them through the solution configurator (Figure 5). The solution
configurator then ensures that once the solution is defined and finalised by the user,
all the necessary service wrappers are automatically created including the visuali-
sation service wrapper. Depending on the type of visualisation engine that has been
selected by the user, all the necessary code for the building blocks to be integrated
will be generated together with instructions for the deployment of the code and in-
stallation of any necessary libraries. This way a fully automated solution generation
is achieved. A pre-defined layout of visualisation widgets is used during genera-
tion but a more experienced user can further customise the visualisation widgets if
needed.

4.2 Templates for Reusable Visualisation Components

In addition to the common visualisation widgets used for building dashboards, other
graphical interface needs have been identified based on the solutions catalogue. Dig-
ital solutions not only need graphical data display but also text based data output and
data input. For this reason, a set of templates for HTML forms and common infor-
mation display components have been designed. Figure 6 shows some of the gen-
eral templates for two digital solutions; job tracking and digital work instructions.
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Fig. 5: The Shoestring Solution Configurator allows users to drag and drop different
visualisation building blocks and configure them. When the solution is ready, the
solution configurator produces a visualisation component in the JSON format that
can then be rendered by different visualisation engines.

Within these base templates, there are some re-occurring components such as the
product details or job details. In addition to the layout base template, templates for
these re-occurring components are defined to enable reusability across solutions.
This template approach is implemented using Django. Depending on user selec-
tion, specific HTML components can be rendered using the base template. Figure
7 shows an example of a visualisation solution generated through templates, where
the product detail area is rendered through a pre-defined product component.

(a) (b)

Fig. 6: General layout templates for different HTML-based visualisation solutions

5 Visualisation Pilot Study

To validate the concept of visualisation-as-a-service and demonstrate its integration
with other service modules, a pilot study was carried out in conjunction with War-
ren Services, one of the Digital Manufacturing on a Shoestring project industrial
partners. Sensor data was made available via an API, which was wrapped as a data
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Fig. 7: An example of a visualisation component generated through HTML tem-
plates and Django.

collection service. A data analysis module was developed as a Flask (Python) appli-
cation to post-process the data before being presented in a visualisation dashboard,
making various metrics available for display through HTTP requests. Finally, two
visualisation services were created, one using Grafana and another one using R to
demonstrate how the architecture enables the incremental incorporation of multiple
services, in this case two visualisation services (Figure 9). In both cases, each of
the visualisation building blocks within each service perform a request of data or
metrics through the service wrapper to the data analysis service. When a request is
received by the data analysis service through its service wrapper, this service then
requests the necessary data to the data collection service in order to calculate the
metrics. Once the data is received and calculations performed, the data analysis ser-
vice sends the metrics to the visualisation service. As it can be observed in Figure
8, some services such as the data analytics service works as a client as well as a
server service module. In the case of the visualisation service, the module is mainly
implemented as a client.

Figure 8 shows the final architecture that was implemented, using ZeroMQ as the
communication technology. ZeroMQ was chosen as it is a lightweight messaging
kernel that can be used across multiple platforms. At the stage of the development
of the pilot, the solution configurator was at an early development stage, so these
visualisation components were developed manually, although the creation of these
supported the development of the JSON templates which are now integrated in the
solution configurator. The pilot also enabled the validation of the communication
architecture, which is able to now wrap and integrate any service during solution
generation.

6 Discussion and Future Work

In this paper the conceptualisation and implementation of visualisation-as-a-service
is presented following the low cost Shoestring approach to digital manufacturing. By
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Fig. 8: Solution implemented for the Warren Services pilot study using two versions
of the visualisation service, one using Grafana and another using R. Communication
between service modules is implemented using ZeroMQ.

(a) Visualisation service for the Warren Ser-
vices pilot study using Grafana engine.

(b) Visualisation service for the Warren Ser-
vices pilot study using R engine.

Fig. 9: Visualisation services implemented in Grafana and R for the Warren Ser-
vices pilot study. The service architecture facilitates the easy integration of multiple
visualisation services to the same digital solution. In this case, both visualisation
services consume data from the same data analysis service.

modularising visualisation components, it is easier to incrementally build visualisa-
tions and re-use these across multiple digital solutions. Modularisation is achieved
through a building block and service architecture which decouples the visualisation
technology from the rest of the solution components and services. In addition to the
concept of visualisation-as-a-service, a drag and drop approach for the creation of
no-code open source visualisations is presented and the use of templates for the flex-
ible creation of HTML-based manufacturing user interfaces is proposed. Although
this approach already lowers the barrier for the integration of visualisations by man-
ufacturing practitioners, there is still a challenge on deciding which visualisations
are most appropriate for the application at hand; which ones can deliver the high-
est value for better decision making. Recent studies have shown how visualisations’
“pre-attentive attributes” allow users to quickly identify differences in data without
much cognitive processing [17]. Future work will include the development of pre-
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defined solutions made available through the solution configurator, providing the
user with a selection of the most suitable visualisation components for a given ap-
plication. In addition, a higher level of configuration, particularly for HTML-based
solutions will be added to the configurator for greater flexibility.
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